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We previously developed a synthetic cis-acting RNA ligase ribozyme with 30–50 joining activity
termed ‘‘DSL’’ (designed and selected ligase). DSL was easily transformed into a trans-acting form
because of its highly modular architecture. In this study, we investigated the modular properties
and turnover capabilities of a trans-acting DSL, tDSL-1/GUAA. tDSL-1/GUAA exhibited remarkably
high activity compared with the parental cis-acting DSL, and it attained a high turnover number.
Taken together, the results indicate that a loop–receptor interaction plays a signiﬁcant role in deter-
mining the activity of the trans-acting ribozyme and in its ability to perform multiple turnovers of
the reaction.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction the reaction [11]. In the case of self-replicating RNA systems, theThe discovery of catalytic RNAs (ribozymes) in nature led to the
‘‘RNA world” hypothesis, which proposes that RNA molecules
played an essential part at an early stage in the evolution of life
[1]. Many artiﬁcial ribozymes with a wide variety of catalytic func-
tions have been obtained by practicing in vitro selection, demon-
strating that RNA can be a versatile functional molecule [2].
Several artiﬁcial RNA ligase ribozymes have been reported [3–8].
Such ribozymes have been considered to be components of a
self-replicating system in the RNA world [9,10].
Except for RNase P and the ribosome, naturally occurring ribo-
zymes are self-modifying (cis-acting). These cis-acting ribozymes
are usually impractical because they do not achieve turnover ofchemical Societies. Published by E
THS, triple helical scaffold;
e gel electrophoresis
of Biostudies, Kyoto Univer-
-8502, Japan. Fax: +81 75 753
e).
rie Supramoléculaires (ISIS),
ée Gaspard Monge, BP 70028,ribozymes need to be true catalysts that interact and cooperate
with other RNA molecules. Thus, the development of a method
for transformation of a cis-acting ribozyme into a multiple-turn-
over trans-acting ribozyme is an intriguing avenue of research.
We created a cis-acting RNA ligase ribozyme termed ‘‘DSL” (de-
signed and selected ligase) by combining rational molecular design
with in vitro selection (cisDSL, Fig. 1A-left) [8]. We were able to de-
rive a trans-acting ribozyme from DSL by modular engineering be-
cause DSL consists of highly modular local structures [8]. cisDSL-
1S, which is the most active variant of the cisDSL ribozymes, was
dissected into a substrate unit (consisting of the P1 region) and a
catalytic unit (consisting of the P3 region) by replacement of the
triple helical scaffold (THS) with a loop–receptor interaction mod-
ule (Fig. 1A-right). The resulting trans-acting ribozyme, designated
proto-tDSL-1 in this study, exhibited signiﬁcant ligation activity in
a tri-molecular format.
In this paper, we further characterize the modular properties
and turnover ability of the tDSL-1 ribozyme. First, we constructed
a new derivative of proto-tDSL-1 (tDSL-1/GUAA) by replacing its
lower loop–receptor module (Fig. 1B). The resulting tDSL-1/GUAA
ribozyme exhibited remarkably high activity, even when compared
with the parental cisDSL-1S, as well as a high turnover number. For
comparison, we designed and constructed another type of tDSLlsevier B.V. All rights reserved.
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Fig. 1. Construction of tDSL-1 and its derivatives by modular engineering. (A) Secondary structures of cisDSL-1S (left) and proto-tDSL-1 (right) with their substrates. Each
functional module is enclosed in a colored rectangle; red, GAAA loop (GAAA-L); green, 11-nucleotide receptor (11nt-R); blue, triple helical scaffold (THS); and black, catalytic
module. The ligation junction is indicated by small arrows. cisDSL-1S was converted into proto-tDSL-1 by dividing it into substrate and catalytic units. (B) Secondary
structures of tDSL-1/GUAA with its substrates. Each functional module is enclosed in a colored rectangle; red, green, and black are the same as in (A); orange, GUAA loop
(GUAA-L); light blue, B7.8 receptor (B7.8-R). GUAA-L and B7.8-R are indicated by thick lines. In the case of the tDSL-1/GUGA and /UUCG, GUAA-L was replaced with GUGA-L
and UUCG-L, respectively.
2820 S. Matsumura et al. / FEBS Letters 583 (2009) 2819–2826(tDSL-WC) by replacing the lower loop–receptor module of the
ribozyme with a Watson–Crick base-pairing module. The resulting
two tDSL-WC ribozymes exhibited lower activity compared with
the tDSL-1/GUAA, as well as little or no turnover ability. The results
indicate that a loop–receptor interaction has a signiﬁcant role in
allowing an active ribozyme to perform multiple-turnover
reactions.2. Materials and methods
2.1. Oligonucleotides
The sequences of the synthetic oligonucleotides used in this
study are shown in Supplementary material. All oligonucleotides
were purchased from Hokkaido System Science, Japan.
S. Matsumura et al. / FEBS Letters 583 (2009) 2819–2826 28212.2. RNA preparation
Every RNA molecule employed in this study, with the exception
of S2 RNA, was prepared by in vitro run-off transcription of tem-
plate DNA using T7 RNA polymerase. Template DNAs bearing the
T7 promoter were generated by PCR with three synthetic oligonu-
cleotides using Ex TaqDNA polymerase (Takara Bio, Japan). For large
scale transcription, the MEGAshortscript High Yield Transcription
Kit (Ambion) was used. After transcription, the template DNAswere
degraded by RNase-free DNase I (Takara Bio, Japan). Transcripts
were puriﬁed by denaturing polyacrylamide gel electrophoresis
(PAGE). The S1 RNAs for ligation assay and the product RNAs for na-
tive gel analysis were processed by several strategies for generating
homogeneous length of RNAs (Supplementarymaterial and Fig. S1).
These RNAs were uniformly radiolabeled with [a-32P]GTP.
2.3. tDSL ligation assays
tDSL ligation assays were carried out under multiple-turnover
conditions. Non-labeled tDSLs (catalytic unit) and internally 32P-la-
beled S1 RNAswere dissolved in distilledwater, and then denatured
by incubation at 80 C for 2 min. RNA folding was initiated by the
addition of 10 or 5 concentrated reaction buffer. After 5 min of
incubation at 37 C, non-labeled chemically synthesized S2 RNA
was added to start the ligation reaction. At each time point, an ali-
quot was treated with an equal volume of the stop solution consist-
ing of 80% formamide, 90 mM EDTA, 0.014% bromophenol blue
(BPB), and 0.03% xylene cyanol (XC). Each sample was separated
by 12% denaturing PAGE, and the fraction of reacted S1 RNA was
quantiﬁedwith a Bio-ImagingAnalyzer, BAS-2500 (Fuji Film, Japan).
Standard conditions for time course assays were as follows. Fi-
nal tDSL, S1 and S2 concentrations were 0.1, 1, and 4 lM, respec-
tively. The reaction was performed with 30 mM Tris–Cl (pH 7.5),
25 mMMgCl2, and 25 mM KCl at 37 C. Other assay conditions
are shown in Results. Rates of the multiple-turnover reactions
(kobs), which were derived from at least two independent experi-
ments, were determined as initial rates (<20% of the substrate con-
verted to product) (Fig. 3A). Values for kcat and Km of tDSL-1/GUAA
were determined by measuring the reaction rate and ﬁtting the
data to the Michaelis–Menten equation using a non-linear least
squares algorithm (DeltaGraph 5.0, SPSS).
2.4. Native polyacrylamide gel electrophoresis
Various amounts of non-labeled tDSLs (catalytic unit) and a
ﬁxed amount (1 nM or 0.1 nM) of internally 32P-labeled product
RNA (substrate unit) were dissolved in distilled water and then
denatured by incubation at 80 C for 2 min. Dimerization was per-
formed in 30 mM Tris–OAc (pH 7.5), 25 mMMg(OAc)2, and 25 mM
KOAc at 37 C for 1 h. Each sample was separated by 10% native
PAGE at 4 C, and quantiﬁed with a Bio-Imaging Analyzer, BAS-
2500. The gel and running buffers were identical to those used
for dimerization. Each dissociation constant (Kd) was determined
by ﬁtting the data to the following equation:
Fraction bound ¼ Fmax½Rz=ð½Rz þ KdÞ ð1Þ
where [Rz] equals the concentration of the ribozyme (catalytic unit),
Kd equals the dissociation constant, and Fmax equals the fraction
bound at saturating [Rz].
3. Results
3.1. tDSL-1/GUAA
First, we constructed a new derivative of tDSL-1, named ‘‘tDSL-
1/GUAA” (Fig. 1B), to avoid homo-dimerization of the RNA. Homo-dimerization is a characteristic of proto-tDSL-1 (Fig. 1A-right) be-
cause it contains two identical loop–receptor interactions [12].
tDSL-1/GUAA was constructed by replacing the GAAA loop
(GAAA-L) and the 11-nucleotide receptor (11nt-R) with a GUAA
loop (GUAA-L) and a B7.8 receptor (B7.8-R), respectively
(Fig. 1B). B7.8-R is a module that was selected in vitro for its ability
to bind to GUAA-L [13]. The resulting tDSL-1/GUAA does not form
homo-dimers because the GAAA and GUAA loops selectively bind
to their cognate receptors [12].
The ligation activity of tDSL-1/GUAA was assayed (Fig. 2). In the
substrate unit, the long and short substrates were designated as
substrate 1 (S1) and substrate 2 (S2), respectively (Fig. 1B). tDSL-
1/GUAA exhibited prominent ligation activity under standard con-
ditions (see Section 2, Fig. 2A). The ligation rate increased in the
presence of 50 mMMgCl2 (Fig. 2B). The reacted fraction of the sub-
strate exceeded 10% within 1 h or 30 min in the presence of 25 mM
or 50 mM of MgCl2, respectively, and reached 90% after 24 h of
incubation (Fig. 2A and B). This ﬁnding indicates that tDSL-1/GUAA
is a multiple-turnover ribozyme, because the S1–S2 substrate com-
plex (1 lM) was present in 10-fold excess over the ribozyme
(0.1 lM) in the reaction mixture.
To verify the importance of the GUAA-B7.8 tertiary interaction,
we designed the derivatives ‘‘tDSL-1/GUGA” and ‘‘tDSL-1/UUCG”
with weaker and negligible tertiary interactions, respectively, com-
pared with the original GUAA-B7.8 (Fig. 1B). tDSL-1/GUGA exhib-
ited ligation activity that was obviously weaker than that of
tDSL-1/GUAA under standard conditions (Fig. 2C). tDSL-1/UUCG
exhibited no detectable activity after 6 h of incubation (Fig. 2C).
These results indicate that the lower loop–receptor interaction of
tDSL-1 has a crucial role in its activity, and that the engineering
of tDSL-1 by modular replacement was successful.
3.2. Kinetic analysis of tDSL-1/GUAA
In the presence of 25 nM ribozyme and 25 mMMgCl2, observed
rate constants (kobs) were determined at various concentrations
(0.1–30 lM) of radiolabeled S1 (Fig. 3A). (The concentration of
unlabeled S2 was equivalent to or higher than S1 to ensure that
nearly all S1 was complexed with S2. The use of radiolabeled S1
with saturating S2 allowed accurate examination of low concentra-
tions of S1–S2 complex. Control experiments showed that an ex-
cess of S2 did not affect reaction rates.) The resulting kobs was
plotted as a function of the concentration of the substrates
(Fig. 3B). The plot is consistent with typical Michaelis–Menten
behavior: the Km is 8.41 lM and kcat is 0.157 min1. Furthermore,
it exhibits kobs values of 0.22 min1 and 0.38 min1 in the presence
of 50 and 100 mM MgCl2, respectively (Fig. 3C and D).
It is notable that tDSL-1/GUAA exhibits a kcat of 0.157 min1 and
a kobs of 0.22 min1 in the presence of 25 mM and 50 mM MgCl2,
respectively, whereas the kcat value of cisDSL-1S is 0.066 min1 in
the presence of 50 mM MgCl2 [14]. More speciﬁcally, the kcat and
kobs of tDSL-1/GUAA under multiple-turnover conditions exceed
the kcat of cisDSL-1S under single-turnover conditions. These re-
sults suggest that tDSL-1/GUAA has signiﬁcantly higher activity
than the parental cisDSL-1S.
3.3. tDSL-WC/5 and /10
A trans-acting ribozyme derived from a cis-acting ribozyme
usually exhibits lower activity than the parental cis-acting one be-
cause cis-acting (intramolecular) reactions are kinetically favored
than trans-acting (intermolecular) reactions. Thus, the lower
GUAA-B7.8 tertiary interaction module in our trans-acting ribo-
zyme probably has a particular role in the activity of tDSL-1/GUAA.
To verify this hypothesis, we constructed versions of tDSL (des-
ignated ‘‘tDSL-WCs”) that lack the GUAA-B7.8 tertiary interaction.
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Fig. 2. Ligation activity of tDSL-1/GUAA and its derivatives under multiple-turnover conditions. (A) Time course assay for tDSL-1/GUAA in the presence of 25 mMMg2+.
Autoradiogram (upper) and graph of the fraction of reacted substrate plotted as a function of reaction time (lower). Upper and lower bands in the autoradiogram correspond
to ligated product and non-reacted S1, respectively. (B) Time course assay of tDSL-1/GUAA in the presence of 50 mMMg2+. (C) Time course assay of tDSL-1/GUGA and /UUCG
in the presence of 25 mMMg2+.
2822 S. Matsumura et al. / FEBS Letters 583 (2009) 2819–2826Two tDSL-WCs were constructed, tDSL-WC/5 and tDSL-WC/10,
which possess 5 and 10 Watson–Crick base-pairs in their lower re-
gions, respectively (Fig. 4A and B). tDSL-WC/5 exhibited an extre-
mely slow kobs (8.9  104 min1) under standard conditions
(Fig. 5A). After incubation for 96 h, only 40% of the substrates were
ligated. tDSL-WC/10 exhibited a relatively higher kobs
(9.6  103 min1) than tDSL-WC/5. However, the rate was slower
than that of tDSL-1/GUAA (1.3  102 min1) (Fig. 5B). Moreover,
tDSL-WC/10 showed little or no turnover ability; the fraction of
the reacted substrate reached a plateau at approximately 10%. This
low turnover ability is presumed to be due to inhibition of product
dissociation caused by the 10 consecutive Watson–Crick base-
pairs. To investigate the effect of the linker region between the
lower Watson–Crick base-pairing module and the upper region,
we constructed a derivative of tDSL-WC/10 (tDSL-WC/10_SL) in
which four bases (AC and UC in the substrate and catalytic units,
respectively) in the linker region are missing (Fig. 4B). tDSL-WC/
10_SL exhibited a kobs of 1.1  102 min1, and the reaction
reached a plateau after approximately 10% of the substrate had
been consumed (Fig. S2), indicating that the maximum product
yield is not inﬂuenced by the length of the linker region in tDSL-
WC/10.3.4. Dissociation constants between tDSLs and their substrate units
To further investigate GUAA–B7.8 interactions in the ribozyme,
we determined the dissociation constants (Kd) for complex forma-
tion between the ribozymes and the product RNAs of tDSL-1/
GUAA, tDSL-WC/5, and tDSL-WC/10 (Fig. 6). The Kd values were
determined by titration of unlabeled ribozyme in the presence of
trace amounts of uniformly labeled product RNAs and
25 mMMg2+, followed by native gel electrophoresis at 4 C. tDSL-
WC/10 exhibited extremely high afﬁnity (a Kd of 0.33 nM) for the
product, whereas tDSL-1/GUAA and tDSL-WC/5 exhibited rela-
tively low Kd values (390 nM and 270 nM, respectively). These re-
sults are consistent with the ability of these ribozymes to perform
multiple-turnover reactions. It is conceivable that the ten consecu-
tive base-pairs in tDSL-WC/10 inhibit turnover of the reaction.
Although tDSL-WC/5 and tDSL-1/GUAA had similar afﬁnities for
their products, they exhibited very different turnover capabilities
(tDSL-1/GUAA tDSL-WC/5). This ﬁnding indicates that the afﬁn-
ity between the ribozyme and the substrate does not necessarily
correlate with ribozymatic activity. In fact, tDSL-WC/10, which
has an extremely high afﬁnity for its product, showed little or no
turnover ability.
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The original cisDSL ribozyme was constructed by design using a
well-deﬁned self-folding RNA as a structural scaffold [8]. In this
study, we constructed a series of trans-acting DSL ribozymes using
a modular replacement approach. More speciﬁcally, the derivatives
of tDSL-1 (tDSL-1/GUAA, /GUGA, and /UUCG) were constructed by
replacing the lower loop–receptor module of the proto-tDSL-1
(Fig. 1B). In addition, tDSL-WC/5 and /10 were constructed by
dividing cisDSL-1S into its substrate and catalytic units at the P2
stem region (Fig. 4). The most active variant, tDSL-1/GUAA, exhib-
ited remarkable ligation activity, turning over approximately 70
times in 180 min in the presence of 100 mM MgCl2 (Fig. 3D).
Improvement in multiple-turnover reactions can be achieved by
modifying their elementary steps: substrate binding, catalysis, and
product dissociation. Synthetic ribozymes that recognize their sub-
strates via Watson–Crick base-paring sometimes fail to perform
multiple turnovers. For example, a small trans-acting ribozyme
with Diels–Alder activity catalyzes 1.9 turnovers within 4 h [15].
This ribozyme recognizes its substrate by forming consecutive
Watson–Crick base-pairs (4–7 bp). Similarly, deoxyribozymes with
20–50 RNA ligase activity and an RNA-cleaving X-motif ribozyme
exhibited no and poor multiple-turnover ability, respectively
[16,17]. This ﬁnding is probably due to tight association betweenthe reacted product and the ribozyme (i.e., product inhibition).
Thus, we assume that Watson–Crick base-pairing between a ribo-
zyme and its cognate substrate inhibits product dissociation gener-
ally and thereby blocks turnover. By contrast, our results revealed
that appropriate non-Watson–Crick binding to the substrate (e.g.,
via a loop–receptor interacting motif) enhances the multiple-turn-
over capability of the tDSL-1/GUAA ribozyme. This observation
suggests that incorporation of a loop–receptor interaction into a
trans-acting ribozyme and its substrate is an effective approach
for improving the activity of other ribozymes.
The lower loop–receptor interaction has a striking effect on the
activity of the trans-acting ribozyme. However, the afﬁnity be-
tween the ribozyme and its substrate units is not responsible for
the higher turnover capability of tDSL-1/GUAA. tDSL-1/GUAA and
tDSL-WC/5 possess similar afﬁnities for their product RNAs
(Fig. 6), but their observed rate constants are very different
(tDSL-1/GUAA tDSL-WC/5, Figs. 3 and 5). tDSL-WC/10 has an ex-
tremely high afﬁnity for its product, which presumably inhibits
turnover of the reaction; however, its initial rate is even slower
than that of tDSL-1/GUAA (Fig. 5). (Note: It is assumed that the
afﬁnity of the ribozyme with the substrate unit is quite similar to
that with the product, because overall structures of the substrate
unit and the product are almost the same.) Consequently, it is con-
ceivable that the lower GUAA-B7.8 tertiary interaction in tDSL-1/
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shown in purple) were missing in the variant tDSL-WC/10_SL. The activity of tDSL-WC/10_SL is shown in Fig. S2.
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Fig. 5. Ligation activities of tDSL-WC/5 and /10 under multiple-turnover conditions. (A) Time course assay for tDSL-WC/5 in the presence of 25 mMMg2+. Autoradiogram
(upper) and graph of the fraction of reacted substrate plotted as a function of reaction time (lower). (B) Time course assay for tDSL-WC/10 in the presence of 25 mM of Mg2+.
2824 S. Matsumura et al. / FEBS Letters 583 (2009) 2819–2826GUAA contributes to the catalytic process but not to the substrate
binding.
How does the loop–receptor interaction relate to the ribozy-
matic activity? The loop–receptor interaction module possessesnotable features that are not involved in the Watson–Crick base-
pairing module, which consists of a double helix and a short sin-
gle-stranded linker. First, the loop–receptor module is ‘‘rigid”.
More precisely, the loop–receptor interaction is composed of A-
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Fig. 6. Determination of dissociation constants (Kd) for the tDSLs and their product RNAs by native gel electrophoresis. (A) Autoradiograms of the native gels that were used to
characterize the afﬁnity between the tDSLs and their product RNAs. The radio-labeled product RNAs were titrated with various concentrations of the non-labeled ribozymes.
Upper and lower bands correspond to ribozyme-product complexes and non-bound product, respectively. (B) Determination of Kd for the tDSLs and their product RNAs. The
fraction of bound product is plotted as a function of ribozyme concentration. Each curve indicates a ﬁt to the equation shown in Section 2, which was used to determine the Kd
values. Bimolecular complexes containing two binding sites in each component show ‘‘pseudoallosteric” behavior if the two binding sites possess similar afﬁnities [29,30].
tDSL-1/GUAA and tDSL-WC/5 weakly exhibit sigmoidal curves depending on the ribozyme concentration presumably because the two sites in tDSL-1/GUAA and those in
tDSL-WC/5 have similar binding afﬁnities. In contrast, tDSL-WC/10 exhibits ‘‘Michaelis–Menten type” behavior because its lower 10 bp Watson–Crick module, which has
extremely higher activity than the upper loop–receptor module, would govern the binding behavior of tDSL-WC/10.
S. Matsumura et al. / FEBS Letters 583 (2009) 2819–2826 2825form double helices, a hairpin loop, and an internal loop, and these
form well-deﬁned rigid structures in solution. By contrast, the
Watson–Crick base-pairing module is more ﬂexible because of
the single-stranded linker that passively acts as a ﬂexible tether
[18]. Second, the loop–receptor module ﬁxes the orientation of
the RNA helices that are directly attached to it. The docking of
the interfaces deﬁnes the speciﬁc orientation of the RNA helices.
The loop–receptor interaction likely suppresses the thermody-
namic motion of RNA in solution more effectively than the Wat-
son–Crick base-pairing module with a single-stranded linker.Moreover, the tectonic control that the loop–receptor interaction
exerts over the relative orientation of the active site and the reac-
tion site probably causes it to be more optimally ﬁxed than the tec-
tonic control exerted by the Watson–Crick base-pairing module
with a single-stranded linker. In fact, restriction of the thermody-
namic motion of an RNA by tertiary interactions is highly effective
for improving the catalytic activity of naturally occurring ribo-
zymes and RNP enzymes. The unstable core structure of the Tetra-
hymena group I ribozyme is strongly stabilized in the presence of
P5abc, which is a peripheral module that binds to the core struc-
2826 S. Matsumura et al. / FEBS Letters 583 (2009) 2819–2826ture via multiple tertiary interactions [19]. The full-length ham-
merhead ribozyme has much higher activity than the artiﬁcially
minimized hammerhead ribozyme [20–22]. In the case of the
Schistosoma mansoni hammerhead ribozyme, a loop–receptor
interaction distant from the active site stabilizes the active confor-
mation of the catalytic core and strongly accelerates its activity
[23–25]. Similarly, a natural hairpin ribozyme harboring a four-
way junction module exhibits much higher activity than the min-
imized hairpin ribozyme [26]. The four-way junction module alters
the equilibrium of the folding of the ribozyme to favor the catalyt-
ically active conformation. Recently, it was reported that the triple-
helix structure in telomerase RNA contributes to catalysis of the
protein reverse-transcriptase motif of telomerase [27].
Consistent with this line of evidence, we propose one possible
explanation in which the lower loop–receptor interaction in
tDSL-1/GUAA, together with the upper loop–receptor interaction,
ﬁxes the conformation of the substrate-ribozyme complex such
that the relative orientation of the active site of the ribozyme
and the reaction sites in the substrates are arranged conveniently.
Such conformational stabilization would increase the effective
concentration of the reactants, which is one of the fundamental
determinants of enzymatic catalysis.
The activity of tDSL-1 will be further improved by modular
engineering. The results of this study indicate that the lower
loop–receptor interaction in tDSL-1 is important for efﬁcient reac-
tion performance. tDSL-1/GUGA, in which the GUGA-B7.8 interac-
tion is weaker than the GUAA-B7.8 interaction, exhibited lower
activity than tDSL-1/GUAA [13]. It may be possible to improve
the activity of tDSL-1/GUAA by replacing the GUAA-B7.8 interac-
tion with another interaction that is comparable to or stronger
than GUAA-B7.8 [28].
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